Introduction
============

Graphene, due to its large thermal and electronic conductivities, high electron and carrier mobility, great surface area and strong intrinsic mechanical strength, has been actively investigated over recent decades.^[@cit1]--[@cit6]^ A broad range of potential applications have been extensively reported,^[@cit6]--[@cit25]^ of which two particularly interesting branches are the development of highly sensitive graphene-based chemical^[@cit14]^ and biological^[@cit22],[@cit23]^ sensors, and the use of graphene as a catalyst.^[@cit24],[@cit25]^ To underpin such studies, it is of fundamental interest to quantify and gain further understanding of the adsorption of diverse molecules on graphene.

Hitherto, the adsorption of various types of small molecules or atoms on graphene have been studied, notably metal atoms (Li,^[@cit26]^ Zn,^[@cit27]^ *etc.*), gas molecules (CO~2~,^[@cit28]^ N~2~,^[@cit29]^ H~2~,^[@cit30]^ H~2~S,^[@cit31]^ *etc.*), halogens^[@cit32]--[@cit34]^ and organic molecules (methane,^[@cit35]^ dibenzothiophene,^[@cit36]^ methanol,^[@cit37]^ *etc.*) where much of the work was theoretically investigated using quantum mechanical calculations based on density functional theory (DFT).^[@cit26],[@cit27],[@cit29]--[@cit35],[@cit37]^ The experimental data were usually obtained using scanning electron microscopy (SEM), Raman spectroscopy and X-ray spectroscopy (XPS).^[@cit38]--[@cit40]^ In contrast little is known about the adsorption of larger, especially organic, molecules on graphene. In this paper, we focus on the adsorption of 1,2-dihydroxybenzene ('catechol') on graphene from aqueous solution making use of a relatively new electrochemical method -- that of nano-impacts -- here novelly applied to the measurement of adsorption and desorption phenomena as well as complementary spectroscopic data.

Graphene nanoplatelets (GNPs), belonging to the family of graphene materials, preserve many of the appealing properties but circumvent the poor stability of single-layer graphene,^[@cit20],[@cit41]^ due to structural distortion of rippling at 1 nm width.^[@cit42]^ Meanwhile, GNPs are more commercially available and easier to produce and handle,^[@cit20],[@cit43]^ which makes them an attractive alternative.

The molecular orientation of aromatic compounds adsorbed at platinum electrodes, including an assortment of 40 quinones and phenols, have been extensively studied by Hubbard\'s group.^[@cit44]--[@cit50]^ There are two orientation states, namely horizontal orientation with aromatic ring parallel to the adsorbent surface and vertical orientation with a perpendicular aromatic ring. For instance, adsorption of hydroquinone at low concentrations of adsorbate adopts a horizontal orientation but reorients to the vertical form when exposed to a solution containing higher concentrations.^[@cit50]^

Herein, the adsorption and desorption of catechol molecules on GNPs were studied *via* nano-impacts^[@cit51]^ which detects stochastic collisions of individual nanoparticles with a carbon wire electrode by virtue of their Brownian motion in solution. By potentiostatting the electrode at a suitable potential, mediated electron transfer occurs on the surface of the impacting nanoparticle during collision,^[@cit51]--[@cit55]^ giving rise to a current spike in chronoamperometry. In this work, GNPs are modified by different concentrations of catechol and studied with the nano-impact method. In the latter, suspended particles collide randomly with an electrode. The surface coverage of the electroactive catechol on faradaically non-active GNPs can be obtained, based on the charge passed per spike leading to the number of adsorbed catechol molecules at the single-GNP entity level. Therefore, it can be used to probe the kinetics of desorption of catechol from GNPs as the surface progressively depletes when in contact with a solution which does not contain catechol. UV-Vis studies are conducted to investigate the catechol adsorption isotherm for GNPs and determine the orientation state of catechol molecules on the GNPs: at low coverage, a reversible Langmuirian adsorption is seen but with a flat to vertical phase transition driven at high concentrations of catechol in solution. The approach is generic and could be applied to study the adsorption and desorption of various kinds of molecules on nanomaterials, such as GNPs, carbon nanotubes (CNTs) and nanodots, among others.

Experimental
============

Chemicals and reagents
----------------------

Graphene nanoplatelets (GNPs, 15 μm in width, 6--8 nm in thickness) with an average area of 297 ± 152 μm^2^ (estimated from scanning electron microscopy^[@cit56]^) were purchased from Strem Chemicals, MA, USA. The surface oxygen species on the GNPs (ether, carboxyl or hydroxyl functional groups) amount to a total oxygen content of less than 1% and a residual acid content of less than 0.5% by weight.^[@cit56]--[@cit58]^ All other chemicals were provided from Sigma-Aldrich at reagent grade unless specified otherwise, and used as received without further purification.

All solutions were made up with deionised water of resistivity not less than 18.2 MΩ cm (Millipore) at 298 K. pH 3.0 buffer solution was freshly prepared from 0.1 M citric acid/sodium citrate with 0.1 M KCl supporting electrolyte. It has been reported that catechol is stable in a pH 3.0 environment,^[@cit59]^ and thus all following experiments were conducted in pH 3.0. pH buffers were measured by using a Hannah pH 231 pH meter (Hannah, Bedfordshire, UK), and degassed thoroughly with pure nitrogen (BOC Gases plc, UK) for 20 min to prevent degradation of the solution by atmospheric oxygen prior to the addition of catechol.

Preparation of GNP suspensions
------------------------------

A suspension of 3.3 × 10^--13^ M of unmodified GNPs was prepared by mixing 2.8 mg of GNPs with 5 mL buffer solution. To generate an evenly dispersed suspension, the mixture was sonicated (FB15050, Fisher Scientific, 50/60 Hz, 80 W, Germany) for 15 min. The above suspension was used as a stock solution, and diluted for nano-impact experiments. Fresh suspensions were prepared daily.

To prepare catechol modified GNPs, 2.8 mg of GNPs was added to 10 mL of catechol solution and then sonicated for 25 min. The mixture was then centrifuged (Eppendorf Centrifuge 5702) for 13 min in 3000 rpm. The settled solids were washed thoroughly with 10 mL of pH 3.0 buffer solution to remove excess catechol. Further centrifugation was conducted and the settled modified GNPs powder was added into 5 mL of pH 3.0 aqueous buffer solution. The mixture was shaken on a vortex (Whirlmixer, Loughbough, UK) for 30 s and sonicated for 20 s. This dispersion procedure was repeated 3 times to get an even suspension. The above stock suspension was freshly prepared every day.

Two different concentrations of catechol solutions were used to modify GNPs. The GNPs that were modified by 100 mM catechol solution are noted as 100-catechol GNPs while GNPs modified by 300 mM catechol solution are to be noted as 300-catechol GNPs in the following sections.

Carbon fibre micro electrode fabrication
----------------------------------------

The method of carbon fibre micro electrode fabrication follows that developed by Ellison *et al.* ^[@cit60]^ Briefly, a carbon fibre (diameter 7.0 μm, Goodfellow, Cambridge, UK) was connected to a metal wire using silver epoxy (RS Components Ltd.) conductive adhesive, which was then placed in an oven for 15 min at approximately 60 °C to set the adhesive. The wire was threaded through a plastic pipette tip. The interstice between wire and tip was sealed using cyanoacrylate adhesive and the wire slowly pulled down, leaving only the carbon fibre extended out of the end, and left overnight to ensure set the cyanoacrylate adhesive. Finally, the carbon fibre was cut to approximate 1 mm length.

Electrochemical procedures
--------------------------

Electrochemical experiments were conducted at 25 °C inside a Faraday cage with a standard three-electrode system by using a μAutolab II potentiostat (Metrohm-Autolab BV, Netherlands) and NOVA 1.10 software.

Cyclic voltammetry at EPPG electrodes
-------------------------------------

For the cyclic voltammetry measurements, an edge-plane pyrolytic graphite (EPPG, IJ Cambria Scientific Ltd, Llanelli, UK) electrode (radius 1.5 mm) was used as the working electrode, a saturated calomel electrode (SCE, ALS distributed by BASi, Tokyo, Japan) as the reference and a graphite rod as the counter electrode. Prior to each modification, the EPPG electrode was polished using alumina of decreasing particle size (1.0, 0.3 and 0.05 μm, Buehler, IL, UK), sonicated in water, and dried with nitrogen. 10 μg of modified/unmodified GNPs were drop-casted on the EPPG electrode and left under a N~2~ environment to dry fully. For comparison, the same experiment was conducted by drop-casting 5 μL of 2 mM catechol on the EPPG electrode. A cyclic voltammogram (CV) was then recorded at scan rate of 25 mV s^--1^ in a degassed pH 3.0 buffered solution.

Nano-impact experiments
-----------------------

In nano-impact experiments, chronoamperometry was recorded at a carbon fibre wire electrode with the same reference electrode and counter electrode as above. Note the potentiostat used in this work accurately conserves the charge transferred due to a particle-impact process despite possible alteration in the spike shape.^[@cit61],[@cit62]^ 4.5 mL of pH 3.0 buffered solution was bubbled with nitrogen for 5 min to remove dissolved electroactive oxygen and then 500 μL of modified/unmodified GNPs stock suspension was added while the nitrogen was kept bubbling for further 10 s to get an even suspension, followed by immediate chronoamperometric scans. Chronoamperograms were recorded for 20 s at different potentials from +0.2 to +1.1 V. The program "SignalCounter" developed by Dr D. Omanović (Centre for Marine and Environmental Research Zagreb, Croatia) was used for impact spike identification and individual spike area determination.^[@cit63]^

UV experiments
--------------

UV/Vis studies were performed in 10 mm width quartz cells by a Shimadzu UV-1800 UV spectrophotometer. For all measurements, a baseline correction was conducted prior to analysis, and the absorbance was recorded from 500--200 nm.

Results and discussion
======================

This section first reports the adsorption of catechol onto GNPs, which is evidenced by the cyclic voltammetry of an ensemble of catechol--GNPs on a macro EPPG electrode. Second, complementary UV-Vis experiments are performed to further study the adsorption of catechol on GNPs. Finally, chronoamperometry of a micro wire electrode in catechol--GNPs suspension is conducted. The charge transfer at single catechol--GNPs with different applied potentials is investigated and individual current spikes analysed.

Cyclic voltammetry of catechol modified GNPs
--------------------------------------------

First, a CV of a catechol modified EPPG electrode was conducted to evidence the electroactivity of the catechol. The EPPG electrode was modified by drop-casting with 5 μL of 2 mM catechol, dried under a nitrogen atmosphere, and then immersed in degassed pH 3.0 buffer solution. Cyclic voltammetry was then recorded from --0.20 to +1.10 V *vs.* SCE and reversed back to --0.20 V at a scan rate of 25 mV s^--1^ ([Fig. 1a](#fig1){ref-type="fig"}, red line). For comparison, the cyclic voltammetry of an unmodified EPPG was also recorded under the same conditions ([Fig. 1a](#fig1){ref-type="fig"}, green line). In the presence of catechol, a single oxidation peak was observed at *ca.* +0.43 V *vs.* SCE, which is consistent with previous reports on the oxidation of catechol.^[@cit59],[@cit64]^ Note that the oxidation of catechol (C) forms *o*-benzoquinone (Q) at these potentials and at the pH studied is understood to follow the mechanism below: in which there is disproportionation between the semiquinone (S) radicals and the states of protonation of S are neglected in the above scheme.^[@cit59]^

![(a) Voltammograms of an EPPG electrode drop-cast with 5 μL of 2 mM catechol (red), 10 μg of unmodified GNPs (blue), and a bare EPPG electrode (green) in pH 3.0 buffered solution supported with 0.1 M KCl. Scan rate = 25 mV s^--1^. (b) Voltammograms of an EPPG electrode drop-cast with 10 μg of 300-catechol GNPs (black), 100-catechol GNPs (magenta), unmodified GNPs (blue) in pH 3.0 buffered solution supported with 0.1 M KCl. Scan rate = 25 mV s^--1^.](c7sc01331k-f1){#fig1}

Next, in order to investigate the adsorption of catechol on GNPs, an EPPG electrode was modified by drop-casting with 10 μg of 100-catechol GNPs and cyclic voltammograms were recorded between --0.20 and +1.10 V *vs.* SCE at a scan rate of 25 mV s^--1^ ([Fig. 1b](#fig1){ref-type="fig"}, magenta line). This experiment was repeated for 300-catechol GNPs ([Fig. 1b](#fig1){ref-type="fig"}, black line), which showed a higher oxidative peak suggesting greater adsorption of catechol on the GNPs. Well-defined oxidative and reductive peaks, for both concentrations of catechol modified GNPs, were observed at *ca.* +0.46 V and +0.32 V *vs.* SCE, respectively, which are close to the peak potentials of drop-cast catechol on the EPPG ([Fig. 1a](#fig1){ref-type="fig"}, red line). This is in good agreement with literature,^[@cit59],[@cit65]^ confirming that the GNPs were successfully modified with catechol. A control experiment of unmodified-GNPs drop-cast onto an EPPG was also conducted in the same solution and no redox signal was detected ([Fig. 1a](#fig1){ref-type="fig"}, blue line). Note that the enlarged background current in the presence of unmodified GNPs is a result of increased capacitance.

UV-Vis studies of catechol adsorption on GNPs
---------------------------------------------

To further study the adsorption of catechol on GNPs, UV-Vis experiments were performed. 1 mL of various concentrations of catechol in pH 3.0 buffer was mixed with GNPs and then sonicated for 30 min to promote adsorption, followed by centrifugation. The original catechol solution and supernatant after adsorption were both examined using UV-Vis spectroscopy, allowing the amount of catechol adsorbed by GNPs to be determined. As shown in [Fig. 2a](#fig2){ref-type="fig"}, the absorbance peak is at 276 nm, consistent with literature reports.^[@cit66],[@cit67]^ The reduction in the magnitude of the catechol absorbance peak is due to the adsorption of GNPs. The catechol adsorption isotherm for GNPs in pH 3.0 buffered solution was then plotted ([Fig. 2b](#fig2){ref-type="fig"}), where two clear plateaux can be observed. As the concentration of catechol increases, the amount of catechol adsorbed by 1 mg of GNPs (*n*) increases and reaches the first plateau at a catechol concentration of between *ca.* 50 and 100 mM with *n* ~max~ = 1.6 × 10^--7^ mol mg^--1^, giving the maximum surface coverage (*Γ* ~max~) of (2.5 ± 0.8) × 10^--10^ mol cm^--2^, and then reaches the second plateau at concentration around *ca.* 250 and 400 mM with *n*′~max~ = 3.2 × 10^--7^ mol mg^--1^, giving *Γ*′~max~ of (5.1 ± 1.7) × 10^--10^ mol cm^--2^. The area of the catechol molecule (*S* ~catechol~) can be estimated by approximating catechol as a rectangular box with all side lengths estimated by trigonometry for bond lengths, bond angles and van de Waals radii of terminating atoms^[@cit68]^ ([Scheme 1](#sch1){ref-type="fig"}). *S* ~catechol~ of flat view and *S*′~catechol~ of edgewise view hence can be estimated as 5.6 × 10^--15^ cm^2^ and 2.8 × 10^--15^ cm^2^ respectively, which is in good agreement with literature.^[@cit44],[@cit46],[@cit65]^

![(a) UV-Vis absorption of a pH 3.0 solution containing 5 mM catechol before GNPs adsorption (red line) and after adsorption (blue line); dilution factor = 5. (b) Catechol adsorption isotherm for GNPs in pH 3.0 buffered solution. Inset: zoom-in of catechol adsorption isotherm for GNPs when concentration below than 100 mM. (c) Langmuir plot of catechol on GNPs in pH 3.0 buffered solution, where *θ* is the fractional surface coverage and *C* is the adsorbate concentration, Langmuir adsorption model applies when the catechol concentration is lower than 100 mM.](c7sc01331k-f2){#fig2}

![Rectangular box model of catechol molecule for both (a) flat view and (b) edgewise view.](c7sc01331k-s1){#sch1}

Thus, the area occupied by each individual catechol molecule (*S* ~R-Ct~) on GNP from UV-Vis results can be determined as *S* ~R-Ct~ = (6.7 ± 1.7) × 10^--15^ cm^2^ in 100 mM catechol and *S* ~R-Ct~ = (3.3 ± 0.8) × 10^--15^ cm^2^ in 300 mM catechol, consistent with the flat catechol molecule area of 5.6 × 10^--15^ cm^2^ ([Scheme 1a](#sch1){ref-type="fig"}) and edgewise catechol molecule area of 2.8 × 10^--15^ cm^2^ respectively. This gives the physical insight that at low concentrations (≤100 mM), catechol molecules adopt a flat orientation adsorbed on the GNP surface, whilst at high concentrations (≥150 mM) they adopt an edgewise orientation. At intermediate concentrations, it remains an open question if the different oriented molecules are locally organised or randomly distributed.

Last, as shown in [Fig. 2c](#fig2){ref-type="fig"}, the low concentration data (≤100 mM) were analysed in terms of the Langmuir model, which predicts the fractional coverage *θ* to vary with adsorbate concentration, *C*,where *θ* = *Γ*/*Γ* ~max~ and *Γ* is the coverage corresponding to the concentration, *C*. 1/*θ* was plotted *versus* 1/*C*, giving a straight line with a slope of 5.06, intercept of 1.01 and *R* ^2^ = 0.998, which indicates a good agreement with the Langmuir model. Therefore, the adsorption constant (*K*) can be determined for the reciprocal of the slope giving (0.2 ± 0.002) mM^--1^. The success of the Langmuir model also suggests that the adsorption for catechol onto GNPs is reversible, hence a desorption process might be expected to occur when modified GNPs are transferred into a solution which contains no catechol. The latter could be further explored through analysis of the nano-impact data.

Nano-impacts of catechol--GNPs and unmodified-GNPs
--------------------------------------------------

Having evidenced the adsorption of catechol on the GNPs electrochemically and spectroscopically, nano-impact experiments of catechol--GNPs were conducted to study individual catechol modified GNPs. From the cyclic voltammetry, oxidation of catechol may occur when the applied potential on the electrode is held at or more positive than *ca.* +0.43 V. A clean carbon fibre microelectrode was first immersed in solution and after the addition of a stock GNPs suspension with a known concentration (0.33 pM), chronoamperograms were immediately recorded at +0.5 and +0.9 V *vs.* SCE. For comparison, chronoamperograms were also recorded for unmodified GNPs in the same conditions. As shown in [Fig. 3](#fig3){ref-type="fig"}, oxidative spikes were observed for both catechol--modified GNPs and unmodified GNPs, with each spike corresponding to an individual collision between single GNP and the electrode. The average charge passed per spike (*Q*) at each potential was quantified by averaging the integration of each individual spike and a slow decrease in the size of the spikes from the modified GNPs was seen with time. This is discussed below and attributed to slow desorption of catechol.

![Chronoamperograms recorded at a carbon fibre micro wire electrode in a 3.33 × 10^--14^ M suspension containing pH 3.0 buffered solution and 0.1 M KCl, (a) at +0.50 V and (b) at +0.90 V. Red line: suspension of 100-catechol GNPs. Blue line: suspension of 300-catechol GNPs. Black line: suspension of unmodified GNPs. For clarity, baselines are vertically shifted.](c7sc01331k-f3){#fig3}

Two possible types of charge transfer process may be involved in a collision between a GNP and the microelectrode, namely faradaic and capacitative. The corresponding physical origins of these two processes have been elaborated in previous work.^[@cit56],[@cit69],[@cit70]^ Briefly, a threshold potential is required to be applied in faradaic impacts to drive the redox reaction, leading a sharp increase in the charge transferred during the impact timescale. In contrast, when the applied potential deviates from the potential zero charge (PZC) of the electrode--electrolyte interface, a steady increase in charge transferred is shown for capacitative impacts. Upon elevation of the applied potential, the average charge (*Q*) for unmodified GNPs increases slightly ([Fig. 3](#fig3){ref-type="fig"}, black line), consistent with capacitative behaviour. In contrast, a large increase in *Q* for 100-catechol ([Fig. 3](#fig3){ref-type="fig"}, red line) and 300-catechol ([Fig. 3](#fig3){ref-type="fig"}, blue line) GNPs, respectively, is observed between +0.5 and +0.9 V. This implies that faradaic current from the oxidation of catechol on the individual impacting catechol--GNPs plays a dominant role in the observed current spikes while the simultaneous capacitative charge transfer caused by the GNPs is negligible. [Fig. 3](#fig3){ref-type="fig"} also shows that the impact features are either in the form of 'sharp spikes' (short transient times) or 'flat topped spikes' (long transient times) and the spikes at low potential are of significantly longer duration with altered spike shapes.

In order to better understand the difference in the charge per spike between the two different concentrations of catechol modified GNPs, a potential variation study was performed. 0.28 mg of catechol--modified or unmodified GNPs was well dispersed in 5 mL of nitrogen saturated pH 3.0 buffered solution. Chronoamperograms were then recorded at different potentials, from +0.2 to +1.1 V. The experiment at each potential was repeated to obtain a large sample size. The frequency of impacts are analysed in ESI, Fig. S2.[†](#fn1){ref-type="fn"} The average charge transferred per individual impact spike (*Q*) was plotted against the applied potential, as shown in [Fig. 4](#fig4){ref-type="fig"}.

![(a) CV of 100-catechol GNPs modified EPPG electrode in pH 3.0 buffered solution supported with 0.1 M KCl, recorded at 25 mV s^--1^. Overlayed squares are the average charge transferred per individual impact spike of 300-catechol GNPs (green) and unmodified GNPs (black) at a carbon fibre wire electrode. The error bars are derived from SD/(*n*)^1/2^, where SD is the standard deviation and *n* is the number of the spikes. (b) The relative size of the charge passed as a function of potential for 100-catechol GNPs (blue) and 300-catechol GNPs (green). The data are normalised relative to the maximum charge seen at high potentials.](c7sc01331k-f4){#fig4}

The charge transferred per spike of unmodified GNPs (black square) shows a steady small increase with a higher applied potential, consistent with capacitative behaviour as previously reported.^[@cit56],[@cit69]^ It is clear that there are two onsets of potential at *ca.* +0.43 V and +0.85 V, respectively, and both are quinone related. The two features are reminiscent of the oxidation of catechol adsorbed on alumina.^[@cit65]^ Similarly it can be concluded that the first feature relates to incomplete catechol oxidation since the duration of the impact is too short to allow for full charge propagation over the surface and for the disproportionation kinetics of S to form C and Q to take place. The feature at the more positive potentials is likely related to catechol oxidation *via* a direct two electron process:

The difference in spike shapes suggest that at the low potential the oxidation is kinetically limited consistent with the flat topped spikes seen, whereas the faster, high potential process leads to sharper peaks and more complete oxidation of the adsorbed species. Experiments conducted with different levels of adsorbate (100-catechol GNP and 300-catechol GNP) showed the relative size of two features to vary: the higher coverage leading to a relatively larger signal consistent with the second order kinetics of the S disproportionation influencing the rate.

The surface coverage (*Γ*) of 300-catechol GNPs can be quantified based on [Fig. 4](#fig4){ref-type="fig"}. At +1.0 V, the average charge passed per spike due to the faradaic process (*Q* ~faradaic~) can be determined *via Q* ~total~ = *Q* ~faradaic~ + *Q* ~capacitative~, where *Q* ~total~ = (13.6 ± 1.3) pC and *Q* ~capacitative~ = (0.81 ± 0.05) pC. *Q* ~faradaic~ can be related to the number of catechol molecules adsorbed per GNP (*N*) by *Q* ~faradaic~ = *nNe*, where *n* is the number of electrons transferred during the oxidation of catechol (*n* = 2) and *e* is the charge per electron. The area occupied by each individual catechol molecule (*S* ~R-Ct~) on the surface of GNP can be obtained *via S* ~R-Ct~ = *S* ~GNP~/*N*, where *S* ~GNP~ is the area of GNP (equivalent to 297 ± 152 μm^2^).^[@cit56]^ Moreover, *Γ* can be determined *via Γ* = *N*/(*N* ~A~ *S* ~GNP~), where *N* ~A~ is the Avogadro constant. Therefore, at +1.0 V, *N*, *S* ~R-Ct~ and *Γ* can be calculated as (4.0 ± 0.4) × 10^7^, (7.4 ± 4.1) × 10^--14^ cm^2^ per molecule, and (2.2 ± 0.9) × 10^--11^ mol cm^--2^, respectively.

The theoretical number of catechol molecules for monolayer adsorption per GNP (*N*′) can be estimated from *N*′ = *S* ~GNP~/*S* ~catechol~ assuming a close packed coverage, hence *N*′ can be calculated as (5.3 ± 2.6) × 10^8^. *N* obtained from nano-impacts at +1.0 V is (4.0 ± 0.4) × 10^7^, which indicates a submonolayer coverage of catechol on the GNP. The reason for the submonolayer coverage and lower coverages relative to those inferred *via* UV-visible spectroscopy might be the progressive desorption of catechol molecules from GNPs before and during the nano-impact experiment following immersion into a solution containing no catechol, which is further confirmed by analysis of the spike charge with time, as next discussed.

Six representative chronoamperometric scans with large spike sample size from both 100-catechol and 300-catechol GNPs, and different potentials were selected and single first order analysis of each spike was made. The average spike charge, *Q*, decreased with time. As the catechol adsorbed on a GNP is proportional to the charge, a clear steady decrease in the amount of catechol on GNP was inferred and attributed to the desorption process. Assuming first order desorption kinetics, plots of ln(*Q*) against time were made and are shown in [Fig. 5](#fig5){ref-type="fig"} (additional scans are shown in Fig. S3[†](#fn1){ref-type="fn"}). Although the data is scattered, a reasonable linear dependence is seen. It can be concluded that the desorption of catechol on GNPs during chronoamperometric scans undergoes first order kinetics with a rate constant of *k* = 0.08 ± 0.01 s^--1^.

![The natural logarithm of individual spike charge (*Q*) against time. (a) 100-catechol GNPs at +0.9 V; (b) 100-catechol GNPs at +0.85 V; (c) 100-catechol GNPs at +0.7 V; (d) 300-catechol GNPs at +0.9 V; (e) 300-catechol GNPs at +0.6 V; (f) 300-catechol GNPs at +0.5 V.](c7sc01331k-f5){#fig5}

In summary, the adsorption of catechol on GNPs is reversible and at low concentration Langmuirian. At high concentrations, a flat to vertical phase transition change is inferred. In the absence of catechol in both solutions there is a slow first order desorption of the adsorbate.

Conclusions
===========

The adsorption of catechol on GNPs follows the Langmuir model with the adsorption constant (*K*) of (0.2 ± 0.002) mM^--1^ at a low catechol concentration but with a flat to vertical phase transition occurring at high concentrations. The desorption process is a slow first order kinetics with a rate constant of *k* = 0.08 ± 0.01 s^--1^. A powerful new strategy is thus demonstrated to study adsorption and desorption of catechol on GNPs, and better understand the modification process, whose use can also be extended to the characterisation of various kinds of molecules on nanomaterials of industrial interest. This may significantly assist the potential environmental, biological and medical application of GNPs and other similar nanomaterials.
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